Abstract
Introduction
Perivascular adipose tissue (PVAT), which surrounds most blood vessels, has shown to play an important role in modulating vascular function and to be a strong independent predictor of atherosclerosis [1, 2] . PVAT is not only considered as structural support for the vessel but also releases several adipokines that influence vascular tone in a paracrine way [3, 4] . Under normal conditions, healthy PVAT exerts an anti-contractile effect on vessels through both endothelium-dependent and -independent mechanisms [3, 5] . However, further studies have found that these beneficial effects of PVAT are lost in obesity due to functional changes in PVAT [4, 6] . Our previous study demonstrated that high free fatty acids (FFA) in obesity could directly cause attenuation of the anti-contractile response of PVAT through an endothelium-dependent pathway that involves the reduced production of nitric oxide (NO) [7] . PVAT has also been demonstrated to significantly exacerbate underlying endothelial dysfunction in obese swine [8] . These results suggest PVAT loses the ability to protect the vessels through promoting endothelial dysfunction in obesity.
Irisin, a newly identified hormone secreted by myocytes, can be induced by exercise and mediates browning of white adipocytes by stimulating uncoupling protein 1 expression (UCP1) [9, 10] . Overexpression of irisin can induce weight loss and protect against dietinduced obesity [9] . Recently, many studies demonstrated that altered circulating irisin levels were associated with endothelial function. Zhu et al [10] showed that irisin improves endothelial dysfunction in diet-induced diabetic mice. In our previous study, serum irisin levels were found to be reduced in obese patients compared with non-obese subjects and that treatment of obese mice with irisin improves endothelial dysfunction by the AMP kinase (AMPK)-endothelial NO synthase (eNOS) signaling pathway [11, 12] . These findings suggest that irisin has the ability to improve endothelial dysfunction.
The heme oxygenase-1 (HO-1)/adiponectin axis has recently demonstrated to have beneficial effects on cardiovascular disease [13, 14] . HO-1 is the major enzyme of heme metabolism decomposition and can be induced by various oxidative insults. Upregulation of HO-1 may induce an increase in adiponectin secretion by remodeling adipose tissue, which prevents endothelial dysfunction by its anti-oxidative and anti-inflammatory effects [14] [15] [16] . Previously, we observed that irisin improves the PVAT dysfunction from the thoracic aorta in died-induced obese mice through upregulation of the HO-1/adiponectin axis and browning of PVAT [17] . These results suggest that irisin has vascular protective effects through regulating PVAT function in obesity. However, whether irisin also have direct protective effects on endothelial function by regulating HO-1/adiponectin axis in PVAT in obesity has not been clear. Therefore, the aim of the study was to determine whether irisin improves endothelial dysfunction by regulating HO-1/adiponectin axis in PVAT in obesity.
Materials and Methods

Experimental animals
Male C57BL/6 mice (4-week-old) were purchased from Beijing Vital River Laboratory Animal Technology Company (Beijing, China). We then randomly divided all mice into three groups: a normal control (NC) group, a high fat diet (HFD) group, and an irisin (irisin) group. Mice in the NC group were fed a normal chow diet and mice in the other two groups were fed a HFD (493 kcal 100 g −1 ) [18] . Mice in the irisin group were given recombinant irisin (0.5 μg/g/day; Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA) by intraperitoneal injection daily [12, 14] . The other two groups were given physiological saline as control. All the mice were housed under standard laboratory conditions with free access to food and water. The local ethics committee for animal studies approved all procedures described and the handling of mice following the committee's "Principles of Laboratory Animal Care".
Intraperitoneal glucose tolerance test and Insulin tolerance test
The mice were injected with glucose (1.5 g/kg) by intraperitoneal injection after an overnight fasting. For insulin tolerance test, the mice were fasted for 6h and injected with Humulin (0.5 U/kg), tail vein blood sampling was carried out at the indicated time intervals. Glucose and insulin levels were measured by glucometer (Johnson & Johnson, USA) and ELISA (Uscn Life Science Inc., Wuhan, China), respectively.
Preparation of PVAT-derived conditioned medium (CM)
The PVAT from the descending thoracic aorta of the mice was dissected and incubated with DMEM for 24 h. The medium was collected as conditioned medium (CM) [19] . In some experiments, PVAT-CM from different groups was pretreated first with palmitic acid (PA, 500 uM) or irisin (50 nM) and then pretreated with a varieties of inhibitors individually: HO-1 inhibitor stannous protoporphyrin (SnPP, 20 uM; Frontier Scientific, Inc., Logan, UT, USA), adiponectin receptor blocking peptide (ACRP-30 N-20, 0.4 μg/mL; Santa Cruz Biotechnology, USA), AMPK inhibitor Compound C (20 µM; Merck, Darmstadt, Germany) or eNOS inhibitor L-NAME (10 -4 M; Sigma) individually for 2 h. In brief, PVAT-CM was divided into different groups and a variety of inhibitors were individually added into the different groups.
Endothelium-dependent vasorelaxation (EDV) determination
Endothelium-dependent vasorelaxation was assayed as previously described [12, 20] . Descending thoracic aorta of mice with PVAT intact (PVAT+) or carefully dissected (PVAT-) were cut into 2-mm ring segments and suspended in Krebs-Henseleit bicarbonate buffer for measurement of endothelial function (95% oxygen and 5% carbon dioxide). All rings were first equilibrated, pre-contracted with KCl (60 mM). Phenylephrine (1 µM) was then added to produce contraction. Either ACh (10 , and L-NAME (10 −4 M) for 0.5 h, respectively followed by determination of EDV. After each experiment, we removed the compound (SnPP, ACRP-30 N-20, Compound C or L-NAME) used before completely and then incubated the aortic ring with another one.
In some experiments, the aortic ring without PVAT from control mice was first pre-treated with CM derived from HFD mice, and the aortic ring from HFD mice was first pre-treated with CM derived from irisin mice. After incubation for 30 min, the subsequent endothelium-dependent vasorelaxation was assayed.
Ex vivo culture of aortic rings
Mouse thoracic aortic rings with or without intact PVAT from obese mice were incubated in Dulbecco's modified Eagle's medium (Gibco, Gaithersburg, MD, USA) [21] . Irisin (50 nM) [22] , SnPP (20 uM), ACRP-30 N-20 (0.4 μg/mL), Compound C (20 µM) and L-NAME (10 -4 M) were individually added into the culture media. After incubation for 60 min, the rings were transferred to an organ bath for measuring EDV as described in Section 2.4.
Total NO measurement
Modified Griess reaction method was used to measure NO production (nitrite/nitrate concentration) as described previously [12, 23] . After ACh (10 −5 M) induced vasorelaxation, K-H solution (100 μL) taken from the organ bath was mixed with Griess reagent (100 ul). After incubation for 60 min, the NO production was spectrophotometrically determined at 540 nm.
Measurement of superoxide production in PVAT
Superoxide production in PVAT was determined by the lucigenin chemiluminescence method as described previously [5] . Briefly, isolated PVAT was incubated in warmed PSS for 0.5 h before measurement of chemiluminescence. Superoxide production was measured with 5 µM lucigenin-enhanced chemiluminescence technique.
Western blot analysis for protein expression in PVAT
The extracted proteins from PVAT were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were probed with antibodies against HO-1 and adiponectin (Santa Cruz Biotechnology), and then incubated with secondary antibodies. The protein levels were quantified using Image Pro-plus 6.0.
RNA extraction and qRT-PCR
Gene expression was measured by qRT-PCR. Briefly, total RNA from PVAT was extracted using Trizol (Invitrogen, Carlsbad, CA, USA). FNDC5, TNF-α, Cidea, and UCP-1 RNA were isolated using a Pure Link RNA mini kit (Invitrogen). Reverse transcription was performed using a High Capacity RNA-to-cDNA Kit (Applied Biosystems, USA). qRT-PCR was performed as previously described [24] . Primer sequences were used according to our previous study [17] Statistical analysis Statistical analysis was performed by the statistical software package SPSS 13.0 for Microsoft windows (SPSS Inc). The analysis was performed using one-way ANOVA or two-way ANOVA, as appropriate. P < 0.05 were considered statistically significant.
Results
Effects of irisin on blood parameters
Administration of HFD in the mice induced increased body weight, visceral fat, fasting glucose levels, fasting insulin levels, and lipid levels compared with the control mice (P <0.01). Treatment of HFD mice with exogenous irisin could modify metabolic variables (P <0.01). The irisin-treated HFD mice showed an improvement of both glucose tolerance and insulin sensitivity compared to HFD mice (Fig. 1) . Plasma levels of TNF-α and MDA increased, and adiponectin levels decreased in HFD mice compared with the control group (P <0.01), which were all improved by treatment of HFD mice with exogenous irisin (P <0.01) ( Table 1) .
Effects of irisin on endothelial function in mice aortas
The ACh-induced concentration-dependent vasorelaxation was similar in both the presence and absence of PVAT in control mice (Fig. 2A) ; while in the HFD mice, the presence of PVAT significantly impaired endothelium-mediated vasorelaxation responses to ACh (Fig.  2B) . However, treatment of HFD mice with irisin restored this impairment with a similar response to both the PVAT+ ring and the PVAT− ring (P <0.05, Fig. 2C ). This beneficial effect of irisin was attenuated when SnPP, API-2/triciribine or Compound C were added. As expected, the ACh-stimulated vasorelaxation in aortic rings with and without PVAT were reduced in HFD mice, indicating that endothelial function was impaired both in the presence Table 1 . Biometric and blood parameters of mice in the studied groups. Data are shown as mean ± SD. *P < 0.01 vs. control group. # P < 0.01 vs. HDF group. n = 6-8 in each group. TG, triglycerides; FFA, free fatty acids; TNF-α, tumor necrosis factor-α; MDA, malondialdehyde 
Effect of irisin on endothelial function in CM-treated mice aortas
To investigate the direct influence of PVAT on endothelial function, we prepared CM by incubating PVAT from mice. Aortic rings (PVAT−) from control mice incubated with CM derived from PVAT of HFD mice impaired the Ach (10 −5 M)-induced vasorelaxation (vasorelaxation reduced from 86.4% to 40.5%). However, this impairment was prevented by incubating the aortic rings (PVAT−) from HFD mice with CM derived from PVAT of irisin mice (10 −5 M Ach-induced vasorelaxation enhanced from 45.6% to 59.1%). This beneficial effect of irisin was attenuated when SnPP, API-2/triciribine or Compound C were added (Fig. 2F) .
Effect of irisin on endothelial function on aortic rings ex vivo
The presence of PVAT significantly impaired endothelium-mediated relaxation responses to ACh in HFD mice. However, incubating aortic rings from HFD mice with irisin (50 nM) ex vivo prevented this impairment. The beneficial effect of irisin on ACh-induced EDV in HFD mice was partly attenuated in the presence of SnPP, ACRP-30 N-20 or Compound C (Fig. 3A) .
To investigate the direct influence of PVAT on endothelial function, CM were prepared by incubating PVAT from mice. Aortic rings (PVAT−) from control mice incubated with CM derived from PVAT of control mice treated with PA impaired the Ach (10 −5 M)-induced vasorelaxation (vasorelaxation reduced from 84.3% to 48.3%). However, this impairment was prevented by incubating the aortic rings (PVAT−) from HFD mice with CM derived from PVAT of irisin treated mice (10 −5 M ACh-induced vasorelaxation enhanced from 44.4% to 55.1%). This beneficial effect of irisin was attenuated when SnPP, API-2/triciribine or Compound C were added (Fig. 3B) .
Effect of irisin on total NO production
The NO levels in the aorta with or without PVAT were significantly reduced in the HFD mice (P <0.05). However, irisin significantly enhanced NO production both with PVAT and without PVAT (P <0.05). We found that NO production was markedly reduced in the aorta with PVAT compared with that without PVAT from HFD mice (P <0.05). This reduction was not shown in the control and irisin group (P <0.05, Fig. 4A ).
Effects of irisin on the HO-1/adiponectin axis in PVAT
To examine whether irisin upregulated HO-1/adiponectin axis in PVAT, protein levels were measured by Western blot. As shown in Fig. 5 , HO-1 and adiponectin levels in PVAT from the HFD mice were reduced compared with those in the control mice (P <0.05), which were both enhanced when treating with irisin (P <0.05). In an ex vivo study, incubating the CM derived from PVAT of HFD mice with irisin also increased the proteins of HO-1 and adiponectin.
Effects of irisin on PVAT oxidative stress and inflammation
We observed an increase in superoxide anion production and TNF-α expression in the PVAT from the HFD mice compared with the control mice (p <0.05). However, both superoxide anion production and TNF-α expression were decreased after irisin treatment (p <0.05; Fig. 4B and Fig. 6A ).
Effects of irisin on FNDC5 and UCP-1 gene expression in PVAT
To investigate whether irisin influenced the browning gene in PVAT, FNDC5, Cidea and UCP-1 gene expression levels were measured by RT-PCT. The results showed that treatment of HFD with irisin increased FNDC5, Cidea and UCP-1 expression in PVAT (P <0.05) (Fig. 6) . 
Discussion
We have demonstrated that irisin improves endothelial dysfunction in the aortas with PVAT from HFD-induced obese mice. This protective effect appears to be associated with upregulation of the HO-1/adiponectin axis in PVAT. These results further indicate a new mechanism that irisin plays in modulating endothelial function by regulating PVAT function in obesity.
The newly identified irisin, an exercise-induced myokine, secretes to circulation and mediates beneficial effects of exercise. It has been suggested that irisin seems to be beneficial for many metabolic diseases including diabetes and obesity through promoting the browning of white adipocytes [25] . Recent studies demonstrated that altered irisin levels are related to endothelial function [26, 27] . Irisin improves endothelial function and atherosclerosis in diabetic mice [27] . We previously found that irisin improved endothelial dysfunction in obese mice [12] . These studies indicate that irisin may play an important role in the regulation of endothelial function. However, most of the studies about endothelial function are concerned with the conditions of removed PVAT. With regard to PVAT that could exacerbate underlying endothelial dysfunction in obese subjects [8, 28] , it is vital to know whether irisin also has a protective effect on endothelial function by regulating the PVAT function. Here, we demonstrated that treatment of HFD mice with irisin both in vivo and ex vivo significantly enhanced ACh-induced vasorelaxation in aortas with PVAT. To further investigate the direct effects of PVAT on endothelial function, we prepared CM by incubating PVAT from mice. As expected, incubated aortic rings (PVAT−) with CM (PVAT+) of HFD mice or CM (PVAT+) pretreated with PA impaired the EDV in control mice. However, this impairment was prevented by incubating the aortic rings (PVAT−) from HFD mice with CM (PVAT+) of irisin mice or with irisin ex vivo. These findings further indicate that irisin may play important roles in the protection against endothelial dysfunction by regulation of PVAT function.
Recently, many studies have demonstrated that induction of HO-1/adiponectin axis have beneficial effects on cardiovascular disease [16] . Both HO-1 and adiponectin have powerful anti-oxidative and anti-inflammatory properties that protect endothelial dysfunction by enhancing NO production [29] [30] [31] [32] . In the current study, we found that irisin significantly increased HO-1 and adiponectin levels in PVAT from HFD mice and PVAT-derived CM, which is consistent with our previous study [12] . The beneficial effects of endothelial function by irisin-treated PVAT were partly weakened in the presence of inhibitors of HO-1/adiponectin. This indicates that HO-1/adiponectin axis in PVAT is involved in the regulation of endothelial function, and irisin could improve endothelial dysfunction by upregulating the HO-1/ adiponectin axis in PVAT.
Having demonstrated that irisin improves endothelial dysfunction by upregulating the HO-1/adiponectin axis in PVAT, we further investigated the underlying mechanisms responsible for this beneficial effect. As we know, endothelial function is mainly regulated by NO induced by eNOS phosphorylation. In our study, L-NAME, the eNOS inhibitor, could abolish all the vasorelaxation, indicating that Ach-dependent vasorelaxation is NO dependent. Treatment of HFD mice with irisin significantly increased NO production both with PVAT and without PVAT. We previously demonstrated that irisin may upregulate the HO-1/adiponectin axis and further activate AMPK-eNOS pathway to improve PVAT function through an endothelium-dependent pathway [12, 17] . Upregulation of HO-1/adiponectin axis could also activate the AMPK-eNOS signaling pathway [16] . In addition, we also found that blocking the AMPK-eNOS pathway could abolish beneficial effects of irisin-treated PVAT on endothelial function. These findings further suggest that irisin could improve endothelial dysfunction via upregulation of the HO-1/adiponectin axis in PVAT and regulating the AMPKeNOS pathway.
Adipose tissue is an important mediator of oxidative stress and inflammation in obesity. PVAT, like other adipose tissues, also secrets adipokines and cytokines to regulate vascular function. Marchesi et al. [33] found that increased PVAT oxidative stress and inflammation lead to vascular dysfunction in obesity. PVAT-derived FFA, inflammatory cytokines and reactive oxygen species could impair endothelial function by reducing NO production and bioavailability. Our study found that after irisin treatment, not only circulating levels of FFA, TNF-α, and MDA, but also PVAT superoxide production and TNF-α expression were decreased in HFD mice, which is consistent with our previous study [17] . Other studies have demonstrated that both HO-1 and adiponectin could prevent endothelial dysfunction by their powerful anti-oxidative and anti-inflammatory effects [32] . These protective effects of endothelial function may be associated with upregulation of the HO-1/adiponectin axis, and may indicate that irisin improves endothelial function by reducing local inflammation and oxidative stress in PVAT. However, whether irisin has direct anti-inflammatory and antioxidative effects independent of its beneficial metabolic effects should be clarified in the near future.
Another mechanism may account for this beneficial effect. PVAT is a unique adipose depot, displaying multiple characteristics of both white and brown adipose [34] . Our study showed that treatment of HFD with irisin increased FNDC5 gene expression, precursor of irisin, suggesting positive autoregulation of irisin in PVAT. And this further increased browning genes in PVAT from HFD mice, which shift the PVAT from white to brown characteristics. Browning of PVAT may upregulate HO-1 by PGC1α and secret more protective cytokines such as adiponectin and less proinflammatory cytokines and, thus, may have a net beneficial effect on endothelial function [35] .
The novelty of our research was to demonstrate that irisin improves endothelial function by modulating the HO-1/adiponectin axis in PVAT in obese mice. This study together with our previous studies demonstrate that irisin could improve function through PVAT-dependent or independent pathway [12, 17] . There were some limitations in the current study. We did not use the control Ig G Fc peptide as the control for the experiments [36, 37] . And it will be optimal if we get the HFD group treated with Fc peptide. However, the recombinant irisin has been used in many studies, which showed that some beneficial effects were caused by irisin peptide. Future studies in our group should be needed to solve this problem. In addition, we did not use HO-1 and adiponectin knockout mice in the experiment. However, we used the inhibitors of HO-1/adiponectin to demonstrate that the beneficial effect of irisin was attenuated when inhibitors of HO-1/Adiponectin were present. And we believe it may not be optimal, but should draw a conclusion that irisin could improve endothelial dysfunction by upregulating the HO-1/adiponectin axis in PVAT. Further studies should be needed to confirm the specific mechanism.
